1. This study examined the effects of caloric content (caloric density and the nature of calories) on the rate of gastric emptying using the double-sampling gastric aspiration technique. Four test meals of 600 ml (glucose, 0 1 kcal ml-'; pea and whey peptide hydrolysates, both 0-2 kcal ml-'; milk protein, 0 7 kcal ml-') were tested in six healthy subjects in random milk protein meals, respectively; P < 0 05). The caloric density of the test solutions was linearly related to the half-time of gastric emptying (r = 0O96, P < 0 05) as well as to the rate at which calories were delivered to the duodenum (r = 0 99, P < 0 001). 4. This study demonstrates that the rate of gastric emptying is a function of the caloric density of the ingested meal and that a linear relationship exists between these variables. Furthermore, the nature of the calories seems to play a minor role in determining the rate of gastric emptying in humans.
The regulation of gastric emptying is a complex process which depends on such factors as: (1) the systemic hormonal environment, (2) the activity of the enteric nerves, (3) the drive from the central nervous system, and, possibly the most important, (4) the properties of the ingested meal. Several studies have identified different properties of a meal which influence the rate of gastric emptying. It has been demonstrated that low pH and temperature, as well as high osmolality, viscosity, fibre content and caloric density (caloric content), delay gastric emptying (Costill & Saltin, 1974; Hunt & Stubbs, 1975; Holt, Heading, Carter, Prescott & Tothillet, 1979; McHugh & Moran, 1979; Brener, Hendrix & McHugh, 1983; Fisher, Rock & Malmud, 1987; Velchik, Reynolds & Alavi, 1989; Lin, Doty, Reedy & Meyer, 1990a,b; Lin, Elashoff, Gu & Meyer, 1993; Maerz, Sankaran, Scharpf & Deveney, 1994; Vist & Maughan, 1995) . Moreover, ingestion of a large volume has been shown to increase the rate of gastric emptying (Hunt & McDonald, 1954; Hunt & Stubbs, 1975; Mitchell & Voss, 1991) . The relative importance of these factors has not been established, but there is some evidence that caloric density may be the main factor in regulating the rate of gastric emptying. Hunt & Stubbs (1975) showed by retrospective analysis of thirty-three different human studies that the rate of gastric emptying decreased as an exponential function of caloric density over the range of 0-14-2-3 kcal min-', regardless of the nature of the calories. Subsequently, a linear relationship was established between the rate of caloric delivery to the duodenum and the caloric density of the meal. However, this relationship has been questioned by others who found the rate of caloric delivery to the duodenum to be either constant (Costill & Saltin, 1974; McHugh & Moran, 1979; Brener et al. 1983; Maerz et al. 1994 ), or curvilinear (Velchik et al. 1989; Beckers, Leiper & Davidson, 1992; Vist & Maughan, 1994 (Hunt & Stubbs, 1975; McHugh & Aioran, 1979; Maerz et al. 1994) . In contrast, others have reported faster rates for fat than for piotein calories (Fisher et al. 1987 ), or lower rates for fat than for carbohydrate calories (Sidery, MacDonald & Blackshaw, 1994) . In addition, a recent study in rats by Maerz et al. (1994) showed that the rate of gastric emptying was constant, regardless of the nature of the calories (fat, protein, carbohydrate). However, none of these studies have controlled for the effect of osmolality on the rate of gastric emptying. Therefore, the purpose of present study was 2-fold: (1) to examine the effect of caloric density on the rate of gastric emptying in humans and (2) Immediately after the administration of the test solution the gastric contents were mixed using a 50 ml syringe to aspirate and re-inject a 20-30 ml volume 10 times; mixing took approximately 1 min. Immediately after mixing a gastric sample was taken and used to calculate the initial volume of the gastric residue. To assess the volume of the gastric contents at each time point, a 5 ml gastric sample was taken followed by the injection of 5 ml of marker (Phenol Red, 500 mg I'). The additional marker added was mixed with the gastric contents by pumping in and out with the syringe for 1 min followed by the aspiration of a 2 5 ml sample. Assuming that the amount of dye absorbed or secreted by the stomach during the sampling procedure is negligible, that no water is absorbed by the stomach and that gastric emptying does not occur during mixing or sampling, it is possible to calculate the gastric volume (Beekers et al. 1988 ). Thus, Phenol Red was measured twice at each sampling point, before and after the addition of a known quantity of marker. Gastric samples for the measurement of gastric volume, osmolality and pH were taken every 10 min during the first hour and every 20 min thereafter until the stomach was emptied. The pH was measured immediately during the experiment and the aspirated gastric samples were frozen at -80°C until analysed. The selection of test solution was randomized by Latin square design and each trial was separated by 1 week.
Analysis and calculations
The gastric samples for each subject were thawed and vortexed and the osmolality was immediately measured (by freezing-point depression using a 3W2 osmnometer; Advanced Instruments, Norwood, MA, USA). The iemainder of the gastric samples were centrifuged (10 000 r.p.m. for 10 min) and the supernatants filtered (Minisart NML, 02 2um pore size; Sartorius, Switzerland). The concentration of Phenol Red in the filtrate was analysed spectrophotometrically after dilution (1: 20) with NaOH/NaHCO3. Gastric emptying curves were constructed and tested for linearity using linear regression. Since 
PPH 17 9 + 0-8 2-9 + 0-1 15-0 + 0 0 0-8 + 0 0 0 5 + 0 0 367 + 9* 7-0 + 0 0 0-22 + 0.00* WPH 183 + 0-8 2-9 + 0-1 15-0 + 00 09 + 0-0 <0-1 04 + 00 05 + 0-0 02 + 0-0 381 + 9* 70 + 0-0 0*23 + 0.00* MP 18-3+0-8 2-9+01 15-0+0-0 25-7+11 17-6+0±8 03+00 <01 0-9+01 348+12* 7-1+00 0066+002*tt (Fig. 3) . During the first 30 min the glucose solution had consistently higher osmolalities, but this was only found to be significant at 10 min (400 7 + 5 0; Figure 2. The relationship between caloric density and the rate of gastric emptying A, the half-time of the gastric emptying process was closely related to the caloric density of the test solution (r = 0 96, P < 0 05). B, the rate of caloric delivery to the duodenum during the first half of the gastric emptying process was also closely related to the caloric density of the test solution (r = 099, P < 0-001 (Costill & Saltin, 1974; Vist & Maughan, 1994) with a nitrogen content similar to that used in the present study (Baglieri et al. 1994 ). The pea and whey peptide hydrolysate solutions showed faster half-emptying times, which were closer to those reported for carbohydrate solutions of similar caloric density (Vist & Maughan, 1995) .
Relationship between caloric density and gastric emptying One interesting finding was the close linear relationship observed between the caloric density of the test solution and the rate of gastric emptying. Despite its higher osmolality the glucose solution was emptied at the fastest rate, confirming the notion that gastric emptying is controlled more by caloric content than by solute osmolality (Hunt, Smith & Jiang, 1985; Lin et al. 1993; Vist & Maughan, 1994 , 1995 . It has been suggested that the energy properties of the meal are detected by duodenal receptors which regulate the rate of gastric emptying, as it has been shown that the direct instillation of 82 kcal of glucose into the duodenum inhibits the emptying of saline (Brener et al. 1983) . The delaying effect of caloric density on gastric emptying seems to be independent of the nature of the solutes, that is, being similar for isocaloric amounts of carbohydrate, protein and fat (Hunt & Stubs, 1975; McHugh & Moran, 1979; Maerz et al. 1994) . Within the range of caloric densities tested in the present study (0 1-0-7 kcal ml-'), the differences in test solution composition (i.e. protein and fat) did not markedly modify the rate of gastric emptying. The caloric density of the milk protein solution was 6 times higher than the glucose solution and 3 times higher than both the peptide hydrolysate solutions. As a result, more calories per minute were delivered from the stomach to the duodenum when the milk protein solution was administered. These findings are in contrast to those of Brener et al. (1983) , who reported that the caloric delivery rate from the stomach to the duodenum was constant (2 1 kcal min-') for carbohydrate solutions over a wide range of glucose concentrations (50-1000 g F). Similarly, Costill & Saltin (1974) reported a constant value of 2-5 kcal min-' for ingested solutions ranging in glucose concentration from 25 to 150 g Fl. A constant rate of caloric delivery to the duodenum has also been reported in monkeys and rats (McHugh & Moran, 1979; Maerz et al. 1994) , regardless of the nature of the solutes. In the present study the utilization of the double-marker dilution technique enabled us to calculate the t,, for each solution with a precision similar to or higher than those reported using scintigraphic methods (Beckers et al. 1992) . Thus, the rate of caloric delivery to the duodenum can be calculated by dividing one-half of the initial caloric content of the test solution by the half-time for gastric emptying. Using this approach, higher rates of caloric delivery to the duodenum were observed in the present study during the first half of the gastric emptying process (3 4 + 0 4 kcal min-') than have normally been reported. However, these values are in close agreement with those reported by others who have also used the double-label sampling technique (Beckers et al. 1992; Vist & Maughan, 1994) . Our higher rates of gastric emptying can also be related -to the fact that a small amount of NaCl in the solutions can potentiate intestinal absorption of sugars and amino acids (Curran, Schultz, Chez & Fuisz, 1967) . Other factors influencing gastric emptying In this study, caloric density seemed to be the main factor determining the rate of gastric emptying. However, when the solutions were adjusted for this variable, differences still existed. Therefore, other factors such as osmolality and nutrient composition have to be considered when explaining the regulation of gastric emptying. Differences in solution osmolality may play a crucial role in determining the rate of emptying (Ferreira, Elliot, Watson, Brennan, WalkerSmith & Farthing, 1992; Hunt, Thillainayagam, Salim, Carnaby, Elliot & Farthing, 1992; Vist & Maughan, 1995) . In this study, the glucose and milk protein solutions had the highest and lowest osmolalities, respectively, and thus one might expect that the rate of gastric emptying would be slowest for the glucose and fastest for the milk protein solution. However, completely the opposite was observed. Vist & Maughan (1995) demonstrated that for solutions of similar caloric densities, decreasing (5 times isotonic) the osmolality did not affect the rate of gastric emptying, while increasing (5 times isotonic) the osmolality delayed the rate of gastric emptying by 50 %. The differences in osmolalities between solutions were quite small (348-418 mosmol kg-') in the present study, but increasing the caloric density 6-fold resulted in a 3-fold decrease in the rate of gastric emptying. Thus it would appear that the influence of osmolality on the rate of gastric emptying may be of physiological relevance only at high tonicity levels. The nature of the calories incorporated in the meal has also been reported to influence the rate of gastric emptying. Fisher et al. (1987) assessed the rate of gastric emptying of four meals equalized for volume (315 ml) and caloric content (380 kcal). They observed that a pure fat meal (43 g) and a multicomponent meal (20 g fat, 17 g protein and 33 g carbohydrate) were emptied more rapidly than both a monocomponent protein meal (95 g of protein) and a monocomponent carbohydrate meal (95 g). However, the meals administered in the study of Fisher et al. (1987) differed markedly in osmolality (from 20 mosmol kg-' for the fat meal to 1720 mosmol kg-' for the pure carbohydrate meal), which, as discussed above, probably contributed to the delayed emptying of the carbohydrate meal. Conversely, a study by Sidery et al. (1994) reported lower gastric emptying rates for a high fat-low carbohydrate meal than for a high carbohydrate-low fat meal, both equalized for total calories. However, in that study the meals differed in total volume (i.e. caloric density) and the osmolality was not reported. Therefore, a number of other factors may have contributed to the lower rate of gastric emptying observed for the high fat meal. More recently, a study in rats showed that the rate of gastric emptying was constant, regardless of the nature of the calories (Maerz et al. 1994 ). In the present study similar rates of gastric emptying were found for peptide hydrolysate solutions derived from different sources (pea vs. whey) and differing in amino acid composition.
In summary, this study clearly shows that, in healthy humans, when solutions of similar volumes and osmolalities are administered at the same temperature and pH, the rate of gastric emptying is mainly a function of caloric density. In the range of caloric densities used in the present study, the pattern of gastric emptying from the stomach was observed to be exponential. Lastly, it was determined that a linear relationship exists between the caloric density of the gastric emptying when a high osmolality delays gastric J Physiol. 498.2 558 test solution and the rate of gastric emptying.
